n INTRODUCTION 22
Technetium-99 presents a major environmental concern due to its long half-life (211,000 y) and high 23 mobility of pertechnetate (TcO 4 − ), the dominant ionic species in oxidized subsurface systems. 1 At the 24 U.S. Department of Energy's Hanford Site, approximately 1900 kg of 99 Tc was generated and stored 25 underground in 177 tanks, which contain an estimated 65 million gallons of nuclear waste from the 26 production of plutonium during the Cold War era.
2 Seventy-seven of these tanks have leaked high-level 27 radioactive waste (HLW) into the vadose zone (the unsaturated region which extends from the ground 28 surface to the top of the water table), which extends 50 to 70 meters below the storage tanks.
2 In 29 addition 99 Tc was also released to the subsurface via cribs and trenches, which received in excess of 50 30 million gallons of reprocessed tank waste. Due to weak adsorption of TcO 4 − to the predominantly 31 negatively-charged, oxic sediments prevalent at the Hanford site, 99 Tc migration into the vadose zone 32 water and groundwater is expected to be largely unimpeded. 3 
33
The Hanford tank waste solutions are alkaline (free OH − is from 0.1 to 5.3 M, Na + from 2.9 to 19.6 34 M, and NO 3 − from 0.5 to 5.5 M), high in ionic strength (I = 2 -14) , and supersaturated with an Al(OH) 3 35
phase. [3] [4] [5] [6] The tanks contain several radionuclides and contaminants of concern, including NO h from zeolite 4A using the following modification of a method described by Liu et al., 28 : 80
Mixed sodalites were synthesized in a 60-mL Teflon ® digestion bombs, filled with 20 mL of de-81 ionized water, 1 g of NaOH pellets and 0.5 g of zeolite 4A. While keeping the total molarity constant 82 (1.77 M), different molar ratios of NaNO 3 and NaReO 4 (0.25 to 9.0 NO 3 − / ReO 4 − ) were added to the 83 basic solutions. All chemical reagents were used as received. The bombs were capped, agitated and 84 heated at 90 °C in an oven for 24 h. The temperature used was in line with the temperatures near or 85 greater than the 100 °C reported within and below the Hanford tanks.
29, 30
The supernatant solutions were 86 decanted and the solid precipitates washed three times with deionized water (0.054 × 10 -3 dS/m) by 87 centrifugation at 17,000 rcf. The white solids were dried at 70 0 C for 24 hours, weighed and dialyzed 88 against deionized water until the electrolytic conductivity was ≤0.01 dS/m. Typical dialyzed solid yield 89 was 0.5 -0.6 g. At either 80 or 90 °C zeolite 4A was completely transformed into sodalite with minor 90 6 amount of cancrinite in 24 h, while below 70 °C no significant amount of sodalite was observed (data 91 not shown). Sodalite formed at 80 0 C incorporated Re at the same level as the 90 0 C samples. The 92 conditions for the hydrothermal synthesis are summarized in Table 1 . 93
Characterization. 94
Powder X-ray Diffraction. X-ray diffraction (XRD) patterns were used for phase identification, 95 morphological composition (phase purity), and structural analysis. Samples were hand crushed by 96 mortar and pestle, evenly smeared on zero-background Si holders, and characterized by one of the 97 following instruments: (1) Panalytical Xpert diffractometer (XRD) scanning at 0.02° steps and at a rate 98 of 1.5°/min over 5 -90° 2θ using MoKα radiation (λ = 0.709319 Å) with X'Celerator detector equipped 99 with either ¼° fixed divergence slits and/or ½° anti-scatter slit. (2) Siemens diffractometer (D500 XRD) 100 scanning at 0.05° steps over 5 -90° 2θ using Ni-filtered CuKα radiation (λ = 1.54050 Å) and a graphite 101 monochromator equipped with a scintillator detector. 102
Both X-ray diffractometers used radiation generated at 35 -40 keV and 30 -40 mA and a 5 -10 s 103 dwell time at each step. A mineral search match was conducted using "Jade" and/or HighScore software 104 and the ICDD database. Rietveld refinements of crystallographic data of powder samples were 105 performed using GSAS with EXPGUI interface and/or HighScore software packages 31 by varying the 106 detector background, unit cell, Na position, N/Re occupancy, peak shape (U, V, W, and two other peak 107 shapes), overall thermal parameter (B), and preferred orientation. These phases-[Na 8 (AlSiO 4 windows. XANES measurements were performed at the Stanford Synchrotron Radiation Lightsource7 (SSRL) at the 11-2 beamline by using the Si (220) double crystal monochromator (φ = 90 crystals), 114 detuned 50% to reduce the harmonic content of the beam. Spectra were collected from 0.2 keV below to 115 10 keV above the Re L 2 -edge (11.959 keV). Data were either collected in transmission mode using 116 nitrogen-filled ion chambers or fluorescence mode using a 100-element Ge detector and were corrected 117 for detector dead time. Data were reduced from raw data to spectra using SixPack and normalized using 118
Artemis. 35 Normalized XANES spectra were fit using standard spectra in the locally written program 119 'fites', which utilizes a non-linear least squares fitting data. Reference spectra from two standard 120 samples, ReO 2 (s) (Alfa-Aesar) and pure ReO 4 -sodalite, 33 were used for data fitting. The sample XANES 121 spectra were allowed to vary in energy during fitting and the spectral resolution is 7 eV based on the 122 width of the white line at the Re L 2 -edge. Table 1 . Based on the Rietveld refinements, the space group P43n and 149 lattice parameters: a = 8.9762 Å, 9.1532 Å were adopted for the pure NO 3 -and ReO 4 -sodalites 150 respectively. The space group P6 3 and the calculated lattice parameters: a = 12.683 Å and c = 5.1827 Å 151 were assigned to the minor phase NO 3 -cancrinite. 39, 40 For the mixed ReO 4 /NO 3 -sodalites, the refined 152 cell parameters ranged from 8.9808 to 8.9987 Å, while at higher weight fractions of ReO 4 − in the mixed 153 sodalite lattice the refined cell parameters varied from 9.1406 to 9.1457 Å. 154
The XANES data for select mixed sodalites were fit using only the spectra of ReO 2 and perrhenate 155 sodalite. The fit results are presented in Table S1 , and the spectra of the SOD-40 sample along with the 156 reference spectra used in the fitting are displayed in Figure 2 . In all cases, the spectrum of ReO 4 -sodalite 157 contributes significantly to the fit with insignificant contribution from the spectrum of ReO 2 . The upper Figure 1 . Refined powder X-ray spectra for selected mixed-anion and pure sodalite phases. 
